The impressive first results of the Adjuvant Tamoxifen: Longer Against Shorter (ATLAS) and the adjuvant Tamoxifen To offer more (aTTom) trials both demonstrate that 10 years of tamoxifen is superior to five years of treatment. Tamoxifen is a nonsteroidal antiestrogen that blocks estrogen-stimulated tumor growth. Paradoxically, mortality decreases dramatically only in the decade after long-term tamoxifen is stopped. It is proposed that the evolution and clonal selection of micrometastases that acquire tamoxifen resistance now become increasingly vulnerable to endogenous estrogen-induced apoptosis. Laboratory and clinical studies confirm the concept, and supporting clinical evidence from the estrogen-alone trial in the Women's Health Initiative (WHI), demonstrate that long-term estrogen-deprived women given exogenous physiologic estrogen have a decreased incidence of breast cancer and decreased mortality. It is proposed that a natural process of apoptosis is recruited to execute the long-term survival benefit of stopping ten years of adjuvant tamoxifen, but only after clonal selection of vulnerable breast cancer cells in an estrogendeprived environment.
During the 1970s, a strategy of long-term adjuvant therapy with tamoxifen was formulated using a carcinogen-induced rat mammary carcinoma model (1-3), at a time when the Food and Drug Administration (FDA) was only to approve the use of tamoxifen for the treatment of metastatic breast cancer in postmenopausal women on December 29, 1977 . Through the clinical trials process and the overview of worldwide randomized adjuvant clinical trials with tamoxifen (4), the standard of care advanced from the original one year of adjuvant therapy to become five years of adjuvant tamoxifen by the mid 1990s (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . However, a small clinical trial in node-negative patients, comparing five vs 10 years of tamoxifen, found no evidence of a benefit for patients taking 10 years of adjuvant tamoxifen, but side effects were increased (15) . As a result, the standard of care with tamoxifen for the treatment and prevention of breast cancer remained at five years for the next 20 years. But now there is change based on two extremely large randomized clinical trials (16, 17) .
The recent results of the two evaluations of five vs 10 years of adjuvant tamoxifen clinical trials, Adjuvant Tamoxifen: Longer Against Shorter (ATLAS) (16) and Adjuvant Tamoxifen To offer more (aTTom) (17) , both demonstrate statistically significant decreased recurrence rates and decreased mortality for the arm receiving 10 years of tamoxifen, but only in the decade after tamoxifen is stopped. In the ATLAS trial it is evident that there is a modest decrease in disease-free survival (DFS) during treatment (hazard ratio [HR] = 0.95, 95% confidence interval [CI] = 0.79 to 1.02), but this is greater after therapy (HR = 0.75, 95% CI = 0.62 to 0.90) (16) . The subsequent response to adjuvant tamoxifen is enhanced with time of treatment. This is excellent news for patient care. However, if tamoxifen and its metabolites (Figure 1 ) are competitive inhibitors of estrogen-induced tumor growth at the tumor estrogen receptor (ER), then why does mortality decrease in the decade after tamoxifen is stopped (16) ? Where does the cytotoxicity come from with tamoxifen, only a palliative therapy in metastatic breast cancer? It is classified a competitive inhibitor of estrogen action (18) that effectively blocks estrogen-stimulated growth at the ER before acquired resistance occurs (19) . Stopping adjuvant tamoxifen should allow estrogen binding to ER to cause tumor growth, but it does not.
The long-term "carry over" effect of tamoxifen is not a new finding, as the biological phenomenon has been noted previously not only in adjuvant clinical trials of tamoxifen (4, 20, 21) but also in clinical trials used to prevent breast cancer (22) (23) (24) and after long-term adjuvant aromatase inhibitor (AI) therapy (25, 26) . One would predict that once tamoxifen treatment is stopped or an AI stopped and the drug cleared, a women's own estrogen would reactivate waiting unoccupied tumor ER and cause growth by increasing replication, recurrence rates and death, but it does not! A biological mechanism must come into play to prepare surviving tumor cells for destruction after adjuvant breast cancer therapy with tamoxifen is stopped. Looked at another way, the antiestrogen action of tamoxifen and its metabolites holds the estrogen-stimulated growth of ER+ breast cancer cells during adjuvant therapy and prepares new populations for future sacrifice once tamoxifen is stopped. Cancer cell populations are not static; they must respond to selection pressure to survive. Survival involves a change in chemosensitivity of cells based on new environmental pressures. This has recently been demonstrated to occur rapidly in cell culture with estrogen-deprived breast cancer cells (27) .
The hypothesis to be considered here is that long-term treatment selection pressure creates new surviving populations of vulnerable cancer cells that are ready to die when tamoxifen stops. It is proposed that a woman's own estrogen triggers apoptosis via the tumor ER.
Based on emerging laboratory and clinical evidence, a new unifying concept will be derived that depends on the pharmacology of tamoxifen (28) (29) (30) , the duration of treatment (31, 32) , compliance (33, 34) , and the new biology of estrogen-induced apoptosis that kills correctly prepared estrogen-deprived breast cancer (35) .
the Pharmacology of tamoxifen
Tamoxifen accumulates within the patient's body and reaches steady state levels in serum within four to six weeks (36) . Lien and colleagues (37, 38) In an anecdotal report, intentional noncompliance, by missing increasing numbers of tablets regularly, was noted to result in declining circulating tamoxifen and metabolite levels over a oneyear period which eventually resulted in an ER-positive recurrence and subsequent death (40) . Recent studies (41, 42) build on past work, but further work needs to be done to address intratumor levels of tamoxifen and metabolites. Overall, the fact that tamoxifen and its principal metabolite N-desmethyltamoxifen (Figure 1 ) have long plasma half-lives of seven and 14 days, respectively, actually plays to the advantage of the medicine to maintain an antiestrogenic environment around the ER-positive micrometastases. Missing a few tablets does not matter. However, tamoxifen is also metabolically activated to 4-hydroxytamoxifen (4OHT) (Figure 1 ) (43) (44) (45) (46) . This is important, because the affinity of 4OHT is dramatically increased for the ER. 4-Hydroxytamoxifen became the standard antiestrogen for all future mechanistic studies in vitro and for the discovery of new drugs (47,48) once selective ER based on CYP2D6 genotyping. It can be argued that patients that efficiently metabolize tamoxifen to hydroxylated metabolites (4OHT and endoxifen) with high binding affinity to the estrogen receptor (ER) in an estrogen-rich environment will be better able to block estrogen-stimulated breast cancer cell growth (112) . The mix of metabolites will ultimately have an impact on the long-term plasticity of acquired resistant cell populations based on the efficiency of "antiestrogenic pressure" at the tumor ER. Acquired resistance to tamoxifen evolves over five years of retransplantion of ER-positive MCF-7 tumors into athymic mice to become tamoxifen-stimulated but vulnerable to estrogen-induced apoptotic tumor regression (75) . The Study of Tamoxifen And Raloxifene showed that during treatment tamoxifen or raloxifene (structure shown center above) produced the same 50% in primary breast cancer (55) , but after the five-year treatment was stopped tamoxifen maintained the antitumor action but raloxifene did not and tumor incidence increased (59) . Tamoxifen is a long-acting prodrug that maintains high levels of antiestrogen to block the ER; raloxifene is rapidly excreted (57) , so lack of compliance will reduce antiestrogenic selection pressure and retard the development of vulnerable populations, sensitive to estrogen-induced apopotosis. The relative binding affinity is based on comparison with E 2 as 100. EM = extensive metabolizer; IM = intermediate metabolizer; PM = poor metabolizer; RBA = relative binding affinity.
modulators (SERMs) emerged a decade later (49). 4-Hydroxy N-desmethyltamoxifen (Figure 1) (50, 51) , now known as endoxifen, was subsequently shown to have almost identical properties as 4OHT (52) (53) (54) .
In the 1980s, long-term adjuvant therapy was emerging in the wake of the publication of the Scottish Medical Research Council (MRC) trial of five years of adjuvant tamoxifen vs placebo therapy (but tamoxifen treatment at first recurrence) (14) . Early adjuvant therapy saved lives rather than waiting to treat a recurrence after surgery (14) . However, there was no strong correlation of response with ER status and a similar conclusion was made following the two-year Nolvadex Adjuvant Trial Organization (NATO) (11, 12) . It turns out that the problem was the clinical ER assays, but this was solved by the Overview Analysis of all trials (4) . A positive outcome for the treatment of breast cancer with tamoxifen depends on the presence of tumor ER (4). There is an interesting déjà vu with the CYP2D6 story of tamoxifen metabolic activation linked to survival and methodologies (29) . Unfortunately, this was not completely resolved satisfactorily by overview analysis (30) of studies, as other complex genotyping issues of methodology, ie, loss of heterozygosity in tumor CYP2D6 (29) and treatment issues, are involved, notably patient noncompliance. Nevertheless, a correlation between the presence or absence of a functioning CYP26D genotype was noted with five years of adjuvant therapy (30) .
The concept of linking CYP2D6 of genotyped patients with clinical outcomes is simple in theory. It seems obvious that a genotyped population of extensive metabolizer (EM) patients with multiple copies of the CYP2D6 gene will create more endoxifen and an enhanced antiestrogenic environment to block estrogen action at the ER. Tumor growth will be stopped. In contrast, poor metabolizer (PM) patient populations without a competent gene to create the hydroxylating enzyme will be less able to block estrogen binding at the ER. The theory is valid but absolute proof is lacking, probably because of poor compliance; ie, stopping the drug after a year or two is less effective at controlling recurrence and death than full compliance for five years (33) . However, if the high affinity of endoxifen for ER was the only factor for treatment success, can pharmacological and clinical evidence be found to support the antiestrogenic "strength" of endoxifen (a hydroxylated high affinity antiestrogen, Figure 1) as the key to a successful outcome after long-term treatment?
Evidence to the contrary comes from the Study of Tamoxifen and Raloxifene (STAR). Tamoxifen and raloxifene ( Figure 1 ) performed equally (50% decrease in tumor incidence) as chemopreventive agents during treatment (55) . The pharmacology of tamoxifen and raloxifene is very different. While tamoxifen is a long-acting prodrug, animal studies demonstrate that raloxifene and chemically related compounds are rapidly excreted (56, 57) . Raloxifene has only 2% bioavailability in patients (58) and is excreted faster than tamoxifen as the former SERM is polyhydroxylated (see Figure 1 ). Raloxifene is rapidly cleared within 48 hours, especially when the patient is intermittently noncompliant. However, there was a supporting surprise in store for the necessity of cell populations to be driven effectively to a favorable apoptotic state with the reanalysis of STAR after the five-year SERM treatment is terminated (59). Tamoxifen's antitumor action is maintained when treatment stopped, whereas once raloxifene is stopped antitumor action evaporates. Two years after stopping raloxifene, the effectiveness of breast cancer chemoprevention is only 76% of tamoxifen's (59) . Continuous therapy with raloxifene is recommended to maintain antiestrogen action, as the continuing effect noted with tamoxifen after stopping treatment is not observed with raloxifene. Despite being a SERM with high affinity for ER, raloxifene is different than the prodrug tamoxifen. The durations of treatment are the same, but raloxifene does not create optimal selection pressure clinically in preparation for stopping the drug. In the laboratory, with controlled and consistent daily antihormonal selection pressure with raloxifene used in vitro (60) and in vivo (61) , it is possible to drive cell selection to populations that are vulnerable to estrogeninduced apoptosis. Compliance is, therefore, essential to achieve optimal selection pressure for long durations.
Duration of treatment and Compliance
The ER is the target in the breast tumor that is essential for estrogen-stimulated growth. Tamoxifen and metabolites bind to the ER and block estrogen-stimulated growth (62) . Despite the emerging laboratory data in a carcinogen-induced rat mammary carcinoma model (1-3) that longer was going to be superior than shorter therapy, in the 1970s the choice of one to two years of adjuvant tamoxifen (5-12) was sound. Tamoxifen was only effective in metastatic breast cancer for one to two years (19, (63) (64) (65) . Therefore, it was reasoned that adjuvant therapy for more than a year would encourage antihormone resistance, early recurrence, and death. Over the next decade, numerous adjuvant trials crept from one year to five years (4, (11) (12) (13) (14) .
The individual trials of long-term adjuvant tamoxifen treatment established an important fact, ie, the development of resistance to tamoxifen therapy during the treatment of metastatic breast cancer is completely different than when tamoxifen is deployed to treat micrometastases.
The Overview Analysis at Oxford (4, 20) precisely defined three important facts in the 1980s and 1990s. Firstly, the ER is the target for effective tamoxifen action: ER-negative tumors do not respond to long-term adjuvant tamoxifen therapy. This clinical conclusion, about 20 years ago, validated tamoxifen's role as the first targeted therapy in cancer that saves lives (66) . Secondly, trials of one, two, and five years of tamoxifen showed (4, 20) that longer adjuvant tamoxifen was better at preventing recurrences and decreasing mortality. This was particularly clear with ER-positive tumors in premenopausal patients receiving tamoxifen alone. The increases in lives saved with increasing durations of tamoxifen therapy now provided a database to estimate lives lost from noncompliance with long-term adjuvant tamoxifen therapy (33) . In other words, stopping tamoxifen before five years say for one or two years is likely to reduce chances of survival. Thirdly, there is nothing unique about the profound decreases in mortality even in ATLAS (16) or aTTom (17) . Five years of adjuvant tamoxifen therapy continues to enhance survival by decreasing mortality after stopping the drug, but not as much as 10 years. Five years is superior to two years of adjuvant tamoxifen, and one year is inferior to two years (4, 20) . Tamoxifen is not simply a competitive antagonist of estrogen action at the ER. Longer-term treatment improves the chances of survival after tamoxifen stops.
If the key to success with tamoxifen used for the adjuvant treatment of breast cancer is long-term therapy targeted to the tumor ER, then compliance is important. It is axiomatic in therapeutics for the treatment of disease that no drug means no benefit. The recent review by Chlebowski and colleagues (34) elegantly summarizes this substantial clinical problem in adjuvant antihormone therapy of breast cancer and for prevention. In both cases, long-term therapy of at least five years has been shown to have therapeutic benefit for patients. Lives are saved or breast tumor incidence reduced, as demonstrated in randomized clinical trials where adherence is high. By contrast, Chlebowski and colleagues (34) argue that adherence in clinical practice can be as low as 50%. Procedures need to address this issue, because lives are lost by the premature cessation of tamoxifen (33) . To understand the critical importance of duration of therapy and compliance, it is necessary to appreciate the evolution of knowledge of how antihormone resistance occurs that has changed over the past three decades.
evolution of acquired antihormone resistance
Studies with MCF-7 cells inoculated into ovariectomized athymic mice provide a valuable insight into the development of acquired resistance to long-term antihormone therapy. The ER-positive tumors grow despite long-term treatment of the mice with tamoxifen (67) . However, the observation that the ER-positive tumors eventually grow in response to tamoxifen (68) described a new form of resistance: tamoxifen stimulated tumor growth. Further study demonstrated that the model was unique to the tumors, as they grew in athymic rats, thereby negating the argument that species-specific metabolism to nonsteroidal estrogens was responsible for tumor-stimulated growth (69) . Additional studies (70) showed that tamoxifen derivatives resistant to isomerization to potential estrogenic isomeric metabolites also stimulated tumors to grow, so it was unlikely that estrogenic metabolites were being produced against time to create acquired resistance. This focused attention on discovering new second-line therapies directed at acquired tamoxifen resistance. The pure antiestrogen, ICI 164,384 was noted to prevent tamoxifen-stimulated growth (71) in athymic mice, and a decade later fulvestrant or an aromatase inhibitor (no estrogen) became the second-line treatments of choice, following tamoxifen failure (72, 73) .
The initial laboratory model (68) replicated clinical experience with tamoxifen for the treatment of metastic breast cancer. The model did not replicate clinical experience, published around the same time in 1987 (14) with long-term adjuvant tamoxifen therapy that effectively suppressed the growth of poorly established micrometastases in the Scottish Trial of five years of adjuvant treatment vs placebo (tamoxifen at recurrence). Long-term adjuvant tamoxifen therapy was effective but another mechanism of resistance must be occurring to benefit patients under adjuvant conditions with micrometastases. Clinical reality trumps a laboratory model in the conversation with nature.
Micrometastases are small clusters of ER-positive cells that may choose to grow, die, or remain static for years. They are suppressed from growth by long-term adjuvant tamoxifen therapy. Only breakaway cell populations, selected for growth in a tamoxifen metabolite environment, will slowly become established into tumors with acquired resistance during long-term adjuvant therapy. Early noncompliance of the patient and a woman's own estrogen will then advance the tumors through replication and growth, which ultimately results in a recurrence and death. This is why one or two years of adjuvant tamoxifen does not promote the survival advantages of five years of tamoxifen (4, 20, 21) . Longer is better to select early acquired resistant breast cancer cells to evolve into a new population of vulnerable clones.
The initial form of acquired tumor resistance to tamoxifen that grows with either tamoxifen or estrogen is now referred to as Phase I resistance (31) . Experience with laboratory models demonstrates that Phase I resistance persists for about three years in a tamoxifentreated environment in vivo (68) . However, laboratory evidence also demonstrates that continuous passage of Phase I resistant tumors into successive generations of tamoxifen-treated athymic mice results in an evolution of the biological characteristics of the resulting cell population (74, 75) . Tamoxifen continues to support tumor growth and vitality, but physiologic estradiol now causes rapid tumor regression, and small tumors disappear whereas larger tumors regress (74, 75) . This is called Phase II acquired resistance (31) .
The laboratory finding in vivo (75) that breast cancer cells maintained in a long-term estrogen-deprived environment with the antiestrogen tamoxifen can be triggered to die with estrogen treatment reaches back 60 years to the pioneering use of high-dose estrogen therapy as the first successful treatment of breast cancer in postmenopausal women. However, the clinical finding that tumor response depended on the time of treatment from menopause is relevant. The success of estrogen treatment depended on timing and estrogen deprivation. When the various reports were assembled at the end of that time, it was fascinating to discover that rather general impression, not sufficiently strong from the relatively small numbers in any single group, became reinforced to the point of certainty; namely, the beneficial responses were three times more frequent in women over the age of 60 years than in those under that age; that oestrogens may, on the contrary, accelerate the course of mammary cancer in younger women, and that their therapeutic use should be restricted to cases 5 years beyond the menopause. Here was an early and satisfying example of the advantages which may accrue from cooperative clinical trial. (77) Today this is interpreted as meaning that an estrogen-free period is necessary following the menopause to allow cell populations that are in harmony with a replete estrogenic environment to die of estrogen starvation, but a small remaining cell population slowly emerges by selection in the austere estrogen environment after the menopause (Figure 2 ). Stoll (78) illustrated the point of a menopausal interval being necessary for metastatic breast tumors vulnerable to estrogen-induced regression to emerge. Out of 63 patients within five years of menopause, there was 9% regression. Out of 344 patients who had been menopausal for over five years, there was 35% regression (78) . This was based on his own clinical practice before the time of tamoxifen (Table 1) . The principle has recently been illustrated in cell culture (79) . So if it is necessary to have an appropriate time of estrogen deprivation (which remarkably seems to be five years in models with MCF-7 cells in the laboratory, in Haddow and Stoll studies, and in the overview of clinical trials!), this, by coincidence, appears to be necessary for cell selection pressure to create the evolution of vulnerable populations (Figure 2) .
The importance of these laboratory findings on acquired resistance to tamoxifen (74, 75) is evidenced by translation to Figure 2 . The success of estrogen replacement therapy to reduce the risk of breast cancer is dependent on the menopausal state of a woman. A) Immediate estrogen withdrawal at menopause in postmenopausal women causes ER-positive estrogen-dependent cells to die but ultimately some cells continue to grow independent of estrogen. B) Treatment of women immediately after menopause with conjugated equine estrogen results in sustained growth of nascent ER-positive tumors, whereas treatment five years after menopause causes apoptotic cell death (reproduced with permission) (79) . Additional support for this model comes from the Million Women Study (100); but numbers of breast cancer are too few at the relevant ages to arrive at a firm conclusion. By contrast, the pioneering work of Sir Alexander Haddow, FRS (77) , first noted that a gap of five years was necessary for high-dose estrogen therapy to be successful at a 30% response rate. Patients treated nearer the menopause were unresponsive to high-dose therapy. A period of estrogen deprivation was required prior to successful high-dose treatment for metastatic breast cancer. Stoll (78) confirmed this requirement in his own practice with a response rate of metastatic breast cancer to high-dose estrogen of 9% for patients within five years of the menopause but 35% for patients after the five-year gap period. ER = estroger receptor; CEE = conjugated equine estrogen.
clinical care. The exhaustive antihormonal treatment of estrogen-driven metastatic breast cancer forces the evolution to Phase II acquired antihormone refractory disease successfully, so that high-dose estrogen therapy now is effective in causing tumor regression (80) . The results of a limited series of patients by Lonning (80) are remarkable, with four out of 32 patients having complete remission. The response of one refractory metastatic breast cancer is of note, as the patient had a complete remission on continuous estrogen therapy for five years but remained tumor free for another six years after estrogen therapy was stopped (81) . Unfortunately, the application of high-dose estrogen therapy is of limited value because of extensive unpleasant side effects, including life-threatening thrombosis. Recurrences following the failure of adjuvant aromatase inhibitor treatment have been the focus of a small study of high-(30mg) vs low-dose (6mg) estradiol therapy (82) . Response rates were again 30% for clinical benefit. The fact that response rates were not more profound may lie in the fact that tumors only responded and failed one or at a most two rounds of antihormone treatment. A more aggressive antihormone environment is necessary to drive antihormone-resistant cell selection and for the larger established recurrences to be destroyed.
With this background of the influence of the pharmacology of SERMs, duration of adjuvant therapy, compliance, and the new knowledge of the acquired resistance to SERMs that leads to a vulnerability, ie, estrogen-induced apoptosis, it is now appropriate to create a hypothesis for future evaluation.
a Consolidated Hypothesis of the mechanism by Which tamoxifen Decreases mortality
There are multiple interconnected dimensions to the development of the correct cellular population that is vulnerable to eradication through the apoptotic action of physiological estrogen. The concept is summarized in Figure 3 . It is evident that by creating selection pressure immediately after surgery through adjuvant tamoxifen therapy, the key to the evolution of cell populations is time. Estrogen-induced apoptosis is dependent on compliance, and tamoxifen is a drug where daily compliance is not essential but years of therapy are. Tamoxifen has a long biological half-life; and selection pressure is maintained. But selection pressure is potentially improved to drive Phase I acquired resistance in micrometastases (that occurs in one to two years) through to completion of Phase II acquired resistance by the appropriate CYP2D6 genotyping for the breast cancer patient. Time is essential to evolve to Phase II resistance with the optimal CYP2D6 patient genotype (EM) to create a potent mix of antiestrogenic metabolites, with a depot of constant endoxifen supply to develop vulnerability to trigger apoptosis with physiologic is already complete by the protocol requirements for recruitment to the ATLAS trial. It is suggested that the cellular selection pressure for PM, IM, and EM differs based on the local mixture of metabolites continuing endoxifen (Figure 1) . The higher selection pressure brings to completion the selection to a vulnerable population that is triggered to apoptosis by estrogen in the woman's body (or if appropriate a few weeks of an exogenous "estrogen purge" in future study). Decreases in the mortality may therefore be found to be proportional to the metabolite concentration (genotype), given compliance out to five years (30) . The core scientific concept for the evolution of acquired resistance by micrometastatic disease during adjuvant therapy is derived using the ER-positive MCF-7 cell line serially transplanted into successive generations of athymic mice during selective ER modulation therapy (61, 75) . The rate of evolution to Phase II (vulnerable to estrogen-induced apoptosis) resistance will depend on the "antiestrogen mix" of potent metabolites of tamoxifen created by genotyping PM, IM, and EM. The resulting vulnerable populations will have mortality decreases based on their prepared vulnerability to estrogen-induced apoptosis from a woman's own estrogen after tamoxifen is stopped. Survival could subsequently be correlated to CYP2D6 status, compliance, estrogen levels in patients, and body mass index as a surrogate of circulating estrogen status. EM = extensive metabolizer; ER = estrogen receptor; IM = intermediate metabolizer; PM = poor metabolizer.
estrogen. Remaining at Phase I acquired resistance and stopping tamoxifen results in estrogen-induced growth, recurrence, and death (33) . It is essential to have long-term therapy to get to Phase II resistance; however, an EM patient may achieve that goal earlier for the vulnerable tumor cell population. A PM patient with little of the high affinity metabolite, endoxifen, may need much longer tamoxifen.
To suggest a clinical model of tamoxifen action that depends on the selection of vulnerable cells, two questions must now be asked. Firstly: Is there evidence that cells from ER-positive primary tumors can be enriched through endocrine therapy to exhibit markers not present in the original tumor? The enrichment of mutant ER in a metastasis can be viewed "generically" as a response to selection pressure. Although this is not evidence of selection pressure to an estrogen-induced apoptotic state, it is evidence of population change, nevertheless. The ER of cells that triggers estrogen-induced apoptosis is wild type, ie, it is the cell context, not the ER. There are two intriguing reports of selection of specific genotype changes in the ER in the literature: 1) The D351Y ER mutation cannot be detected in wild-type MCF-7 cells, but selection pressure in athymic mice during months of tamoxifen therapy produces a tumor with an excess of ER D351Y (83, 84) that is known to modulate the estrogenicity of SERMS (85), and it is therefore a growth advantage to have an ER that increases the estrogenicity of SERMs; 2) mutant ERs in clinical metastases have recently been discovered from patients that are resistant to antihormone therapy (86) (87) (88) (89) (90) . Incidentally, the mutations in the ER need to interact with D351 as an anchor to create the active complex (88), so it is a self-supporting mechanistic story. The same mutant ERs are either below the level of detection or at a low frequency in the primary tumors. If metastatic cell selection is demonstrable (86) (87) (88) (89) (90) under therapeutic pressure with aromatase inhibitors, and populations evolve to survive, then what is the second question? The second question is: Is there clinical evidence that physiologic estrogen can be an apoptotic agent to vulnerable nascent breast cancer cells?
The Women's Health Initiate (WHI) of conjugated equine estrogen (CEE) actually provides the strongest clinical evidence that estrogen administration to menopausal and estrogendeprived women in their 60s can destroy the correctly prepared populations of ER-positive breast cancer cells. The repeated analysis of the WHI study of CEE vs placebo in hysterectomized women (91) (92) (93) showed a paradoxical decrease in the incidence of breast cancer, which was maintained for six years after CEE therapy (six years) was stopped. The substantial antitumor effect on microscopic disease was unanticipated, because estrogen clearly stimulates the growth of ER-positive cells in cell culture (94) and tumors will only growth in athymic mice inoculated with ER-positive tumor cells if estrogen is administered (95) . This is the first law of estrogen-dependent breast cancer growth and is the entire basis for the success of antiestrogenic strategies (tamoxifen, aromatase inhibitors) in the treatment of breast cancer (96) .
However, as noted previously in the commentary, the work of Haddow (77) and Stoll (78) observed the requirement for a fiveyear gap period following menopause for postmenopausal women to benefit optimally with a 30% response rate for the treatment of breast cancer. The tumor has adapted to learn to grow without high concentrations of premenopausal estrogens, but now highdose estrogen caused tumor regression (Figure 2 ).
In the case of women taking estrogen replacement therapy (ERT), the nascent breast cancer model would depend on the regrowth of estrogen-independent breast cancer cells that after five years of estrogen deprivation would be vulnerable to CEEinduced apoptosis (Figure 2A ). This explanation is offered to explain the results of the WHI CEE trial (79, 93) , based on results with long-term estrogen-deprived breast cancer cells in the laboratory (97, 98) . However, if the CEE is given at menopause, cell replication rather than apoptosis would be anticipated based on cell culture studies ( Figure 2B ) (79) . Support for the science is available from the Million Women Study (99) . The risk of breast cancer for women taking both estrogen and a progestin was greater if therapy was started before or immediately after menopause than after a longer gap (P < .001) (100) . Current users of ERT had no increase in breast cancer if begun five years after the menopause, but statistically experience an increase if used less than five years after the menopause (risk ratio [RR] = 1.43) (100).
A model of tamoxifen-mediated cell survival and the evolution of estrogen-deprived populations over time is now proposed based on a synthesis of laboratory and clinical observations ( Figure 3 ) to explain decreases of mortality in ATLAS and aTTom after long-term tamoxifen is stopped. There is a remarkable symmetry in the biology of estrogen in the WHI and the benefits of long-term adjuvant tamoxifen (Figure 4) . Understanding of the interlocking dimensions of compliance and the time required to create the selection pressure for the cells to survive and, most importantly, to enter a vulnerable state ready to be killed by estrogen is essential. Tamoxifen must be viewed as a depot drug that saturates the body, slowly producing metabolites with high affinity for ER. These metabolites do not just block ER but are critical to aid cell selection to estrogen vulnerability. The recent overview publication by the International Tamoxifen Pharmacogenomics Consortium (30) modestly illustrates the point that with five years of tamoxifen, the genotyping to EM and PM shows that recurrence and survival is better for EM patients than PM patients. The CEE WHI study supports the mechanistic investigation of estrogen-induced apoptosis in estrogen-deprived patients. Like the overview analysis of adjuvant clinical trials (21) and the chemoprevention trials (22) (23) (24) , the CEE WHI study shows enduring benefit after CEE is stopped (93) . Laboratory evidence (79) illustrates the conclusion that the small nascent estrogen-deprived tumor breast cells are readily destroyed by CEE. The same apoptotic biology can apply to long-term adjuvant tamoxifen with the woman's own estrogen responsible for the survival advantages in ATLAS and aTTom after tamoxifen stops (16, 17) .
By Looking Back We Can See the Way Forward
Sir Alexander Haddow, FRS, presented (77) the inaugural David A. Karnofsky Lecture, the highest award from the American Society of Clinical Oncology, in 1970. He stated, "…the extraordinary extent of tumor regression is perhaps 1% of postmenopausal cases (with estrogen) has always been regarded as of major theoretical importance, and it is a matter of some disappointment that so much of the underlying mechanisms continue to elude us..." (77) .
Much has now been accomplished to understand the molecular mechanism and modulation of estrogen-induced apoptosis (27, 101, 102) and how the shape of different classes of estrogens used by Haddow can modulate the apoptotic trigger (103) (104) (105) in estrogen-deprived breast cancer cells. However, much must be accomplished in the future to confirm, consolidate, and exploit the link between estrogen-induced apoptosis and long-term antihormone therapy.
The cellular models used to understand the evolution of acquired resistance to tamoxifen are derived from the ubiquitous MCF-7 cell line that has already taught us so much about the general principles of hormone-dependent breast cancer in patients (95) . Surprisingly enough, the MCF-7 cell line is from a pleural effusion of a patient treated with high-dose estrogen, before the days of tamoxifen. A large panel of ER-positive metastatic breast cancer cells needs to be created to track the evolution of acquired resistance to estrogen withdrawal and tamoxifen both in vitro and transplanted into athymic mice. A study to document further the importance of time for selection of vulnerable populations will be important with a broad spectrum of ER-positive cell types. Perhaps a signature for estrogen-induced apoptosis could be documented in the laboratory and trials in patients following exhaustive antihormone therapy could be used to validate predictive data. Gene signatures are emerging to discover probabilities of late relapse based on both MA-17 and ATAC trials (106) (107) (108) to answer the questions of who would be a candidate for extended antihormone adjuvant therapy.
The Study of Letrozole Extension (SOLE) (35) trial of continuous aromatase inhibition extension for five years following completion of five years of antihormone adjuvant therapy is compared to an arm with three months of an annual aromatase inhibitor (AI) holiday (35) . The hypothesis is that the woman's own estrogen, which is resynthesiszed during the drug holiday, may cause apoptosis in vulnerable AI-resistant breast cancer cells, thereby reducing recurrence rates and improving survival. Depending on the results, it may be that an estrogen "purge" could be evaluated in clinical trial to enhance the success of apoptosis further. The design would be similar to the proposal (109) to use a bazedoxifene/conjugated estrogen formulation to drive the evolution of occult breast cancers to an antihormone-resistant state with the SERM bazedoxifene during a five-year period at menopause and then "purge" vulnerable SERM-resistant occult breast cancer cells with estrogen alone for a few months.
In closing, it is worthy of note that for more than a century, the response to antihormone therapy as first-line treatment has remained at one in three tumors having an objective response (96) , and this was enhanced by the identification and selection of patients with the tumor ER target (62) . Now multiple agents are being evaluated to enhance antihormone therapy. A major question to be addressed in the future by cellular studies and clinical trials is why only about one third of patients with long-term acquired resistance to estrogen deprivation can have apoptosis triggered with estrogen (76, 78, 80, 82, 93) . Is there a way to predict and improve estrogen-induced apoptosis response rates after long-term adjuvant antihormone therapy? The clues to progress may be within reach by a study of why ERT causes apoptosis in the occult estrogen-deprived breast cancer in 60-yearold postmenopausal women, but a combination with a synthetic progestin antagonizes the process and increases breast cancer risk (93) . Not only would there be an advance in understanding what blocks estrogen-induced apoptosis, but also it may be possible to define a safer hormone replacement therapy that can be used, after an appropriate gap following menopause to reduce the incidence of breast cancer (110) . The idea of two linked concepts of long-term estrogen deprivation therapy to exert selection pressure and expose vulnerable cells for estrogen-induced apoptosis (74, 75) may have many applications in the future to aid women's health. (93) and long-term tamoxifen action (16) . The hypothesis to address is that both require at least five years of estrogen deprivation to trigger estrogen-induced apoptosis. In the case of CEE and the historical use of high doses of estrogen therapy for breast cancer, both approaches require an interval of at least five years postmenopause to achieve an optimal 30% tumor response rate. Five years of tamoxifen produces an optimal result during treatment to create estrogen deprivation in the microtumor environment by ER blockade; but both tamoxifen and CEE produced sustained decreases in mortality after treatment. Microfoci of estrogen-deprived cells are killed by estrogen by the woman's own estrogen or by CEE treatment in a woman during her 60s, respectively. The fact that CEE causes a decrease in incidence and mortality in women in their 60s provides a prima facia case that the estrogen deprivation created by long-term tamoxifen therapy creates vulnerable cell populations that can respond to estrogen with an apoptotic response to affect sustained cures. ER = estrogen receptor; CEE = conjugated equine estrogen.
